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MedakaCilia and ﬂagella are highly conserved organelles that have diverse motility and sensory functions. Motility
defects in cilia and ﬂagella result in primary ciliary dyskinesia (PCD). We isolated a novel medaka PCD
mutant, jaodori (joi). Positional cloning showed that axonemal dynein intermediate chain 2 (dnai2) is
responsible for joi. The joi mutation was caused by genomic insertion of the medaka transposon, Tol1. In the
joimutant, cilia in Kupffer's vesicle (KV), an organ functionally equivalent to the mouse node in terms of left–
right (LR) speciﬁcation, are generated but their motility is disrupted, resulting in a LR defect. Ultrastructural
analysis revealed severe reduction in the outer dynein arms in KV cilia of joi mutants. We also found the
other dnai2 gene in the medaka genome. These two dnai2 genes function either redundantly or distinctly in
tissues possessing motile cilia.a).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Cilia and ﬂagella are hair-like organelles projecting from the cell
surface that are important for a diversity of cell functions. Defects in
the structure and function of cilia result in pleiotropic disorders,
ciliopathies (Badano et al., 2006). Primary ciliary dyskinesia (PCD,
Online Mendelian Inheritance in Man, MIM 242650) is a collection of
heterogeneous disorders characterized by recurrent respiratory tract
infections, sinusitis, bronchiectasis, andmale infertility. Approximate-
ly 50% of PCD patients exhibit situs inversus. The combination of PCD
and situs inversus is also referred to as Kartagener syndrome (KS, MIM
244400). This disease affects 1 in 20,000 to 1 in 60,000 individuals at
birth and is usually inherited as an autosomal recessive trait (Zariwala
et al., 2007). PCD disease phenotypes are directly related to motility
defects in respiratory cilia, cilia of ependymal cells, cilia of the
embryonic node and sperm ﬂagella.
In addition to the conserved PCD phenotypes among species, ﬁsh
additionally show a nephric cyst phenotype (Kramer-Zucker et al.,
2005; Omran et al., 2008). In the ﬁsh nephric system, cilia lining thetubules and ducts differ from mammalian renal cilia. In contrast with
the immotile cilia observed in the mammalian kidney, the ﬁsh
pronephros harbors motile cilia and this motility is thought to be
important for moving ﬂuid through the kidney (Kramer-Zucker et al.,
2005; Mochizuki et al., 2005). It has been shown that cilia motility is
affected in cystic kidneys in medaka and zebraﬁsh (Kramer-Zucker
et al., 2005; Omran et al., 2008).
Medaka (Oryzias latipes) is an emerging model vertebrate system
(Ishikawa, 2000; Wittbrodt et al., 2002). The phenotypes of ﬁsh
mutants are often reminiscent of human diseases, providing valuable
resources with which to gain insight into corresponding human
pathologies (Dooley and Zon, 2000; Drummond, 2005). The high
quality draft genome sequence (Ahsan et al., 2008; Kasahara et al.,
2007; Kobayashi and Takeda, 2008; Takeda, 2008) and the overall
genomic resources (National Bioresource Project (NBRP) Medaka,
http://www.shigen.nig.ac.jp/medaka/) have facilitated the position-
al cloning of mutants with phenotypes of interest and have made
medaka an important tool for the investigation of human genetics,
development and disease.
To enhance our understanding ofmotile cilia function in vertebrates,
we isolated a novel PCD medaka mutant, jaodori, which harbors a Tol1
transposon insertion mutation in the axonemal intermediate chain 2
(dnai2) gene. Themutation causes a defect in outer dynein arms (ODAs)
63D. Kobayashi et al. / Developmental Biology 347 (2010) 62–70in the cilia axoneme, resulting in cilia dysmotility.Wealsodocument the
other dnai2 gene, dnai2b. joi/dnai2 and dnai2b function either
redundantly or distinctly in tissues possessing motile cilia.
Materials and methods
Fish strains
Fish were maintained in an in-house facility in a constant re-circulating system at
28 °C on a 14 h light/10 h dark cycle. The d-rR and HNI medaka strains were obtained
from NBRP (National Institute for Basic Biology, Okazaki, Japan). The joi mutant was
isolated from the orange-red variety, originating from the southern population of
medaka (Sakaizumi, 1984; Takehana et al., 2003). Embryos were staged according to
Iwamatsu (2004).
Whole mount in situ hybridization (WISH) and immunohistochemistry (IHC)
WISH and IHC were performed as described previously (Takashima et al., 2007).
Histological analysis
Embryos were ﬁxed in Bouin's solution overnight. After dehydration in an ethanol
series, they were immersed in lemozol (Wako, Japan), followed by parafﬁn embedding.
After sectioning at 6 μm, sections were deparafﬁnized and stained with hematoxylin
and eosin.
Morpholino knockdown and mRNA injection
Antisense morpholinos directed against medaka dnai2a and dnai2bmRNA were 5′-
TTAACTGTGACTTGTCTTGCCTCGT-3′ and 5′-ACATTTTCAGGTTAACTCACCTGTT-3′, re-
spectively (Gene Tools, OR, USA). The standard control oligo morpholino and 5-base
mismatch morpholino against dnai2a, 5′-TTAAgTcTcACTTcTCTTcCCTCGT-3′, were
served as a negative control. The mismatch nucleotides were indicated by lower case
letters. The morpholinos were resuspended in Yamamoto's Ringer solution (Yama-
mamoto, 1939). For mRNA synthesis, cDNAs of wild-type dnai2a or dnai2b orfs were
cloned into the pCS2+ plasmid vector. After linearization of the plasmids, mRNAs were
synthesized using the mMESSAGEmMACHINE SP6 kit (Ambion, TX, USA). mRNAs were
diluted with Yamamoto's Ringer solution before injection.
Electron microscopy
Before ﬁxation, medaka embryos were dechorionated using hatching enzyme in
Yamamoto's Ringer solution (Yasumasu, 2009). Dechorionated embryos were
incubated in Yamamoto's Ringer solution until the 8-somite stage. Embryos were
then ﬁxed and processed as previously described (Hagiwara et al., 1990).
Observation of KV ﬂow
Observation of KV ﬂow was performed as described previously (Hojo et al., 2007).
Results
joi exhibits a LR defect and curly-tail-down
The joimutantwas isolated from theorange-red varietyofwild stock
as a mutant with varying degrees of curly-tail-down (CTD, Figs. 1B,
mild; C, severe) and reversed organ laterality (left–right (LR) defect,
Figs. 1D–G). The pair that produced mutant embryos spawned CTD
embryos at 23% of total siblings (Table 1). LR defect was strongly
correlated with CTD phenotype and the frequency of LR defect was 16%
(Table 1). These results suggested that joi is a recessive mutant with
CTD and LR randomization. Embryos with severe CTD were unable to
survive. Embryos with mild CTD developed to adulthood with axial
structural abnormality (Figs. 1H–K). This mutant is characterized by
its wavy shape and gets its name from its resemblance to the shape
of Jaodori (in Japanese), the dragon in the traditional Chinese rain-
making rituals.
LR defect examined by molecular markers
To characterize the LR phenotype of the joimutant at themolecular
level, we analyzed the expression of southpaw (spaw) and charon in
joi embryos. spaw, which is normally expressed in the left lateral plate
mesoderm (LPM) (Fig. 1L), showed randomized expression, includinglowered or absent expression in both sides of the LPM and reversed
laterality (Figs. 1M, N) (Hojo et al., 2007; Long et al., 2003). charon is
the earliest LR gene to showasymmetric expression inKupffer's vesicle
(KV) (Hojo et al., 2007). The right-biased asymmetrical expression,
which is observed in wild-type 9-somite stage embryos (Fig. 1O), was
lost in joi mutant embryos (Figs. 1P, Q). Our results indicated that
joi is required for establishing LR asymmetry upstream of charon.
Therefore, we asked whether the joi mutation affects morphogenesis
of KV cilia. In teleosts, KV is thought to have a role equivalent to that of
the mouse node in terms of LR determination as it contains
monociliated cells that generate a leftward liquid ﬂow (Brummett
and Dumont, 1978; Essner et al., 2002; Hojo et al., 2007). Hojo et al.
have reported that this directional KV ﬂow is a requisite for
asymmetric charon expression and that LR asymmetrical information
is generated by ﬂuid ﬂow in the KV. Immunolocalization of acetylated-
α-tubulin at the 9-somite stage showed no signiﬁcant differences in
cilia/KV morphology between the wild-type (Figs. 1Ra, Rb) and the
joimutant (Figs. 1Sa, Sb). These data suggested that cilia function, such
as motility and signaling, but not ciliogenesis is disrupted in joi.
joi encodes dnai2, which is required for LR development in medaka
To determine the molecular structure of the joi locus, we ﬁrst
mapped it to linkage group 17 (LG17) using M-marker analysis
(Kimura et al., 2004). Subsequently, high-resolution linkage analysis
was performed using an F2 mapping panel. This conﬁned joi to reside
in a 0.13 cM interval between the markers 28-11 and 28-15, a region
of 36 kb (Fig. 2A). A survey of the medaka genome sequence in this
region identiﬁed a gene encoding a ciliary axonemal dynein protein,
dnai2. The medaka dnai2a (AB548151) open reading frame (orf) of
1733 bp is split into 12 exons and spans a genomic region of 7656 bp
(Fig. 2B). The dnai2 protein is predicted to be 578 amino acids long
and is closely related to human DNAI2 (NP_075462.3, 58% identity)
and Chlamydomonas intermediate chain 2 (IC2, XP_001691005.1,
41% identity). The nucleotide sequence of the insertion showed that
the fragment carries incomplete 14 bp terminal inverted repeats
(CAGTAGCGGTTTTA, CAGTGGCGGTTCTA) of the Tol1 transposon
(Koga et al., 1995) (Fig. 2B). The mutant allele also contained a
deletion, spanning exon 1 to intron 1 and the deleted region of exon 1
contained a translation initiation site (Fig. 2B, ATG), suggesting that
joi is a loss-of-function mutant.
To conﬁrm that joi encodes dnai2a, we injected amorpholino (MO)
that speciﬁcally targeted the splice donor site at the junction of exon 1
and intron 1 (Fig. 2B, MO-dnai2a) into 1-cell-stage wild-type (d-rR
strain) embryos. MO-dnai2a-injected embryos (morphants) repro-
duced the joi morphological phenotype in a dose dependent manner.
A morpholino concentration of more than 100 nM resulted in
approximately half of the morphants displaying LR inversion of
certain internal organs, including liver, gallbladder and heart looping,
which are features that characterize the joi mutant phenotype
(Table 2). The LR inversion rates in control morphants (standard
control and 5-base mismatch control) were much lower than the one
in dnai2a-morphants, showing that the dnai2amorpholino affect in a
sequence speciﬁc manner (Table 2). To provide further evidence that
a mutation in dnai2a is responsible for the joi phenotype, we rescued
the LR defect by injectingmRNA encoding the complete dnai2a coding
sequence into joi embryos. Wild-type dnai2a mRNA expression
corrected the LR defect of the joi mutant (Table 3). Taken together,
these experiments provide convincing evidence that a loss of function
mutation in dnai2a is responsible for the joi mutant.
dnai2a is required for ﬂuid ﬂow in KV
Loss of dnai2a homologues, DNAI2 in human disease and IC2 in the
Chlamydomonas oda6 mutant, renders cilia immotile (Kamiya, 1988;
Loges et al., 2008; Mitchell and Kang, 1991). To determine if loss of
Fig. 1. Medaka joi mutant phenotypes. (A) Wild-type medaka at stage 40. (B, C) joi homozygote mutants at stage 40. The mutant shows a mild (B) or severe (C) “curly-tail-down”
phenotype. (D, E) Heart looping at stage 35 in wild-type (D) and joi (E). A, atrium; V, ventricle. (F, G) Position of spleen at stage 40 in wild-type (F) and joi (G). S, spleen. (H, I) Wild-
type adult ﬁsh. (J, K) joi adult ﬁsh. (L–Q) Expression of southpaw (L–N) and charon (O–Q) in wild-type (L, O) and joi (M, N, P, Q). (Ra–Sb) Cilia phenotype in KVs in the wild-type (Rb)
and joi mutant (Sb). Anti-acetylated tubulin antibody was used to label the cilia (Rb, Sb; red). KVs are indicated by dashed circles (Ra, Sa). Dorsal view. Anterior left.
64 D. Kobayashi et al. / Developmental Biology 347 (2010) 62–70dnai2a affected cilia motility and ﬂuid ﬂow in medaka KVs,
ﬂuorescent beads were injected into KVs of MO-dnai2a morphants
(Hojo et al., 2007). KV morphogenesis was normal in MO-dnai2aTable 1
joi revealed curly-tail-down and LR randomization.
s.s. s.i. Total
CTD(−) CTD(+) CTD(−) CTD(+)
228 (75%) 28 (9%) 5 (2%) 44 (14%) 303
The heart loop direction, the position of the liver and curly-tail-down (CTD) at 5 days
post fertilization were scored. s.s., situs solitus; s.i., situs inversus.morphants and the cilia in KV also appeared normal as compared with
controls (data not shown), but the ﬂow of ﬂuorescent beads was
reduced or absent (Figs. 3Aa–Bc). This indicates that dnai2a is
required for cilia motility and LR determination.
Since cilia motility is defective in MO-dnai2a morphant KVs, we
performed transmission electron microscopy to determine the effect
of dnai2a disruption on the cilia axonemal ultrastructure. KV cilia
cross-sections showed ODA defects (Figs. 3C, D) resembling the
defects observed in patientswith DNAI2mutations (Loges et al., 2008)
and in the Chlamydomonas oda6 mutant (Kamiya, 1988). Thus, we
conclude that absence of dnai2a prevents correct assembly of ODA
complexes in cilia, resulting in cilia motility defect.
Fig. 2. joi encodes dnai2. (A) Schematic representation of part of LG17. The joi locus is conﬁned to a 0.13 cM interval between the markers Mk_28-15 andMk_28-11. (B) Exon/intron
structure of joi/dnai2a. The translation start (ATG) and termination positions (*) are indicated. The positions of the Tol1 insertion (red) and the deleted region are shown (dashed
line). A schematic diagram of the defect caused by the joimutation is shown: a translation initiation codon is deleted in joi. Terminal inverted repeat sequences are shown at both
ends of Tol1 (underlined).
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It has been reported that LR patterning is connected with the
symmetry of segmentation in vertebrates (Kawakami et al., 2005;
Vermot and Pourquie, 2005). To explore a possibility that perturba-
tion in segmentation symmetry can cause axial structural abnormal-
ity, we analyzed if segmentation occurs asymmetrically in the
dnai2a morphants. As markers for the analysis of somitogenesis,
myod and myf5 were used. The expression of these genes were
observed in each somite in dnai2a morphants in a bilateral regular
stripe pattern (Figs. S1B, D, F, H, n=5) as observed in standard control
morphants (Figs. S1A, C, E, G). These results revealed that the
disruption of dnai2a function does not affect symmetrical somitogen-
esis. We also examined the relationship between early LR defect and
axial structural abnormality in adult ﬁsh. Mo-dnai2a-injected embry-
os that displayed LR inversion of internal organs were selected and
raised to adulthood. No ﬁsh revealed axial structural abnormality,Table 2
Morpholino phenocopy of the joi mutant.
Mo-dnai2a (μM) dnai2 mRNA (ng/ml) s.s. s.i. Total
200 (ctl) 0 40 2 42
100 (5-mis) 0 26 1 27
200 (5-mis) 0 32 4 36
30 0 11 2 13
60 0 37 8 45
100 0 17 15 32
200 0 48 46 94
200 250 (egfp-dnai2a) 16 0 16
200 250 (dnai2b) 22 1 23
200 250 (egfp-dnai2b) 62 4 66
The heart loop direction and the position of the liver at 5 days post fertilization were
scored. s.s., situs solitus; s.i., situs inversus. ctl, the standard control oligo morpholino;
5-mis, 5-base mismatch morpholino against dnai2a.suggesting that axial structural abnormality in adult ﬁsh is not a
consequence of early LR axis disturbance (n=13). In a contrasting
manner, the rescued joi mutant embryos, which were indistinguish-
able from wild-type embryos at the hatching stage showed axial
structural abnormality in adulthood (n=4). These results suggested
that axial structural abnormality is not related to the early LR defect
and that dnai2a is required for later axial structural development and/
or maintenance.dnai2a is expressed in tissues possessing motile cilia
Consistent with a function in cilia or ﬂagella motility, dnai2a
expression at the RNA level was detected in tissues possessing motile
cilia, such as KV (Figs. 4A, D, arrowheads) at stage 20 and otic vesicle
(Fig. 4B, arrowhead) and pronephric system (Fig. 4B brackets) at stage
28. In KV, dnai2a expressionwas already detected in stage 18 embryos
(Fig. 4C) and the expression persisted to stage 20 (Fig. 4D); however,
the expression was not detected at stage 22 (Fig. 4E). In addition,
expression is also detected in adult kidney (data not shown) and testis
(Fig. 4H). Thus, our results revealed that dnai2a is expressed in tissues
possessing motile cilia (Colantonio et al., 2009; Essner et al., 2005;
Hojo et al., 2007; Kramer-Zucker et al., 2005; Mochizuki et al., 2005;
Riley et al., 1997).Table 3
Injection of wild-type dnai2a or gfp-dnai2a mRNA rescues the joi LR defect.
Construct Concentration (ng/ml) s.s. s.i. Total
Uninjected – 233 72 305
dnai2a 125 50 2 52
dnai2a 250 16 0 16
gfp-dnai2a 125 22 0 22
gfp-dnai2a 250 49 0 49
The heart loop direction and the position of the liver at 5 days post fertilization were
scored. s.s., situs solitus; s.i., situs inversus.
Fig. 3. Live imaging of monocilia-induced ﬂuid ﬂow in KVs injected with ﬂuorescent beads at stage 20. (Aa–Bc) Orange circles point to the position of ﬂuorescent beads at successive
time points. The orange arrows indicate the anticlockwise moving beads in a wild-type embryo (Aa–Ac). None of the injectedmorphants showed this phenomenon (Ba–Bc). Relative
time points in seconds are indicated at the bottom right of each panel. The KV walls are indicated by dotted circles in Aa and Bb. Dorsal views. (C, D) Ultrathin sections through wild-
type (C) and Mo-dnai2a morphant (D) KV cilia. Scale bar: 50 nm.
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Nephric cyst is a typical phenotype of medaka and zebraﬁsh mutants
that have cilia-motility-defects (Omran et al., 2008; Sullivan-Brown et al.,
2008). The medaka mutant kintoun (ktu) is a typical randomized LR
mutant leading to situs inversus due to the lack of directional liquid
ﬂow in KV (Table 4) (Omran et al., 2008). In this mutant, cilia and
ﬂagella show partial or complete loss of dynein arms, as in the
joi mutant, and a progressive polycystic kidney phenotype is
observed. joi mutants and dnai2a morphants, however, did not
reveal nephric cyst formation. In addition, a spermmotility defect is a
typical phenotype of human PCD and is also observed in ktumutants;
however, joi mutant sperm motility is not distinguishable from that
of wild-type sperm (data not shown). These differences prompted us
to investigate the possibility that another ortholog of DNAI2 exists in
the medaka genome, which redundantly functions in the nephric
system and in sperm. Indeed, based on sequence comparison,
another medaka homologue of dnai2a was predicted in the medaka
genome (http://www.ensembl.org/Oryzias_latipes/Info/Index)
and the EST database (http://www.shigen.nig.ac.jp/medaka/).
This enabled us to obtain a full-length clone of this additional
medaka dnai2-like gene, which we designated dnai2b (AB548152).
The predicted dnai2b protein consists of 497 amino acids and is
related to human DNAI2 (45% identity), Chlamydomonas IC2 (35%
identity) and medaka dnai2a (52% identity). The exon–intron
structure was conserved between dnai2a and dnai2b (Fig. 2B and
data not shown). As expected, whole mount in situ hybridization
analysis showed expression of dnai2b in otic vesicle (Fig. 4G,
arrowheads), pronephric system (Fig. 4G, brackets) and adult testis
(Fig. 4I). Unlike dnai2a, dnai2b showed no expression in KVs until
stage 21 (Fig. 4F, stage 20).
To investigate possible redundant functions between dnai2a and
dnai2b, single and double MO knock-down manipulations were
performed and embryos were analyzed for LR development and
pronephric cyst formation. The anti-dnai2b single MO knockdown
showed neither LR abnormality nor pronephric cyst formation. In
contrast, combined MO injection resulted in pronephric cyst formation
(n=3/7) along with a LR defect. Fig. 4K shows representative
histological sections of 7 days post fertilization (dpf) combined
morphant with cystic dilations observed in the tubule region. These
results suggested that only dnai2a functions in normal LR development
and that dnai2a and dnai2b have a redundant role in normal pronephric
development. To ensure that the pronephric cyst observed in the
combined morphants were indeed due to the combination of
morpholinos used, equivalent concentrations of a control morpholinowere co-injected with the single MOs (MO-dnai2a or MO-dnai2b) so
that the total morpholino concentrations were equivalent in all
conditions. In these morphants, pronephric cyst formation was not
observed (Fig. 4J and data not shown).
To reinforce the idea that dnai2a and dnai2b function redundantly,
we co-injected mRNA encoding the complete dnai2b coding sequence
withMO-dnai2a. dnai2bmRNAcorrects the LRdefect in theMO-dnai2a
morphant (Table 2). To further support this result, we examined the
subcellular localization of dnai2a and dnai2b. We constructed eGFP-
dnai2a and eGFPp-dnai2b fusion proteins. eGFP-dnai2a and eGFP-
dnai2b suppressed LR randomization in the joimutant and in the Mo-
dnai2a morphant (Tables 2 and 3), indicating that both proteins
function as thewild-type dnai2a protein. eGFP-dnai2awas detected in
KV cilia (Fig. 4M, green) and co-localized with acetylated-α-tubulin
(Fig. 4L, magenta; 4N, merged image). This result shows that dnai2a is
expressed throughout the cilia of KV epithelial cells. We also revealed
that eGFP-dnai2b and acetylated-α-tubulin co-localized in the cilia of
KV (Figs. 4O–Q). These results further support the idea that dnai2b is
functionally interchangeable with dnai2a.
Discussion
We have provided genetic andmolecular evidence that joi encodes
an axonemal dynein protein, dnai2a. We showed that dnai2a is
required for correct ODA assembly and cilia motility in KV. We also
characterized distinct and overlapping functions of two dnai2 gene
products during development.
Tol1 insertion region in the joi mutant
We analyzed the structure of the dnai2a gene in the joimutant, and
identiﬁed a DNA fragment insertion. The nucleotide sequence of the
insertion showed that the fragment carries incomplete 14 bp terminal
inverted repeats (CAGTAGCGGTTTTA, CAGTGGCGGTTCTA) of the Tol1
transposon (Koga et al., 1995), indicating that the mutation was caused
by Tol1 transposition. Tol1 was ﬁrst identiﬁed from an albino mutant
medaka (Koga et al., 1995) and this is the second report that Tol1 causes
a genetic mutation in vivo. It was also reported that Tol1 is ﬂanked by
duplicated 8 bp segments of the host chromosome; however, this was
not the case in the joi mutant. Interestingly, Tol1 is ﬂanked by 6 bp,
TTTGAT, of the small tandem repeat sequence of the host gene, dnai2a,
and the region between this tandem repeat sequence is deleted
(Fig. 2B); however, the mechanism of this deletion remains to be
elucidated.
Fig. 4. Expression of dnai2a and dnai2b in medaka embryos. (A–E) Gene expression pattern of dnai2a. (A) Dorsal view of medaka embryos at stage 20. A box in (A) represents the
region shown in (D). (B) Dorsolateral view of trunk region at stage 28. dnai2a is expressed in the pronephric system (brackets) and otic vesicles (arrowheads). (C–D) Dorsal view of
KVs at stages 18 (C), 20 (D) and 22 (E). By stage 18 (C), dnai2a expression becomes evident in KVs and persists to stage 20 (D), then disappears at stage 22 (E). (F–G) Gene expression
pattern of dnai2b. (F) Dorsal view of KV at stage 18. dnai2b is not detected in KVs at stage 18. (G) Dorsolateral view of trunk region at stage 28. dnai2b is expressed in the pronephric
system (brackets) and in the otic vesicles (arrowheads). (H, I) Gene expression pattern of dnai2a (H) and dnai2b (I) in adult testis. Expression of both genes is detected in primary
and secondary spermatocytes. (J, K) Pronephric cyst in the combined morphant at 7 dpf. The pronephric tubule appears intact in the single morphant (J, arrowheads); however, the
combinedmorphant shows tubular dilation (K, asterisk). Scale bar: 50 μm. (L–Q) Localization of dnai2a protein (M,) or dnai2b protein (P) in KV cilia. Embryos expressing GFP-dnai2a
or GFP-dnai2b fusion proteins were stained with anti-GFP antibody (M, P; green). Embryos were counterstained in magenta with antibodies to acetylated-α-tubulin (L, O). N and Q
are merged images of L and M or O and P, respectively. Scale bar: 5 μm.
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Our ultrastructural analysis revealed severe reduction of ODAs in
KV cilia. The ODA is a large protein complex comprising light,intermediate, and heavy dynein chains. It was previously proposed
(Fowkes and Mitchell, 1998) that in Chlamydomonas, dynein arms are
preassembled in the cytoplasm prior to transport to the ﬂagellar
compartment. They suggested that the intermediate chain dimer is
Table 4
Comparison of phenotypes between joi and ktu.
LR ASA NC SMD HC OT
joi + + − − − −
ktu + − + + − −
Abbreviations used: LR, left–right defect; ASA, axial structural abnormality in adult ﬁsh;
NC, nephric cyst; SMD, spermmotility defect; HC, hydrocephalus; OT, otolith formation.
68 D. Kobayashi et al. / Developmental Biology 347 (2010) 62–70essential for ODA assembly and that its absence prevents cytoplasmic
preassembly of ODAs. Our results suggested that the importance of
dnai2/IC2 for ODA assembly is highly conserved across species.
Cilia motility defect in ependymal cells may cause axial structural
abnormality
joi homozygous adult ﬁsh revealed axial structural abnormality.
We have not succeeded in mimicking this phenotype due to the
insufﬁcient effect of morpholinos at later stages of development;
however, this phenotype must be the result of dnai2a loss-of-
function. Recently, another N-ethyl-N-nitrosourea (ENU)-induced
allele of medaka dnai2a produced the mutant, mirror image of the
internal organs (mii) (Y. Nagao, M. Hibi and H. Hashimoto; personal
communication). In this allele, a single nucleotide change creates a
premature stop codon (R160X). This allele also shows the same axial
structural abnormality, suggesting that dnai2a is required for proper
body axis formation and/or maintenance.
Our expression study using myod and myf5 showed that
somitogenesis occurs symmetrically, suggesting that the LR defect
does not cause the axial structural abnormality. In aquaculture ﬁsh, it
is known that axial structural abnormality is caused by Myxosporea
parasitism in the brain (Gorman and Breden, 2007). Sakaguchi et al.
and Maeno and Sorimachi found Myxosporean cysts in various
locations of the brain in deformed yellowtail. Furthermore, they
reported that cyst formation in the 4th ventricle strongly correlated
with axial structural abnormality (Maeno and Sorimachi, 1992;
Sakaguchi et al., 1987). This correlation is not always conﬁrmed in
other species (Yokoyama et al., 2005); however, Myxosporean cysts
were also found in various regions of the brain of mackerel that had
axial structural abnormality. Together with the fact that motile cilia
are present in ependymal cells, disruption of cerebrospinal ﬂuid ﬂow
may cause axial structural abnormality in joi. However, another ciliary
medaka mutant ktu does not reveal axial structural abnormality in
adult ﬁsh (Table 4) (Omran et al., 2008). The involvement of motile
cilia in axial structural abnormality and the mechanism how loss of
dnai2a function causes axial structural abnormality remain to be
elucidated.
Redundant and distinct roles of dnai2 genes
We showed that, in medaka, not one but two distinct dnai2 genes,
dnai2a and dnai2b, are involved in motile cilia function. Our data
indicated that these two genes have acquired distinct (dnai2a but not
dnai2b in KV) as well as overlapping (in the nephric system and testis)
functions in different tissues. The overlapping function was assessed
in the pronephric system. Pronephric cysts were only observed in
combined morphants. At 7 dpf, combined morphants showed cystic
dilations in the tubular region, while glomerular and pronephric duct
dilation was less evident. These results suggested that the tubular
region is more sensitive to a ciliamotility defect than the other regions
of the pronephric system. The low penetrance of morphants showing
pronephric cysts might be due to insufﬁcient effect of the morpholino
at later stages of development.
Our cross-rescue experiment also revealed that dnai2a and dnai2b
are functionally equivalent. Furthermore, subcellular localizations of
dnai2a and dnai2b overlap. Our analysis of eGFP-dnai2a or eGFP-dnai2b expression showed dnai2a localization throughout KV cilia. In
human respiratory epithelial cells and spermatozoa, DNAI2 is
localized throughout respiratory ciliary axonemes and sperm ﬂagella
(Loges et al., 2008). This suggests that the subcellular localization of
dnai2/DNAI2 is conserved between human and medaka.
The overlapping expression patterns of dnai2a and dnai2b and
their redundant functions account for the joi phenotype; dnai2a is
expressed at stage 18 and ceases at stage 22, while dnai2b is not
detected until stage 22. Since the earliest asymmetric gene expression
is already observed at stage 21 (Hojo et al., 2007), dnai2b is unlikely to
be involved in LR determination in KV. In contrast, both dnai2a and
dnai2b are expressed in the pronephric system of embryos and in the
kidney and testis of adult ﬁsh. The expression patterns account for the
joi phenotypes: joi displays LR randomization but no nephric cyst
formation and no sperm motility defect. We also analyzed otolith
formation since it has been reported that motile cilia participate in the
biogenesis of otolith in zebraﬁsh (Colantonio et al., 2009; Riley et al.,
1997). We observed abnormal otolith formation in neither double
morphants nor Mo-dnai2b injected joimutant embryos. These results
revealed that dnai2 genes are likely dispensable in medaka otolith
formation. Another cilia motility medaka mutant, ktu, also reveals no
otlith formation defect (Table 4), suggesting that not all cilia motility
mutants show abnormal otolith development.
Medaka-speciﬁc dnai2b was not derived from a teleost-speciﬁc genome
duplication
Database searches revealed that there is no additional dnai2
homolog in the human, zebraﬁsh or Takifugu genomes. A phylogenic
analysis of these medaka dnai2s using Clustal X yielded a dendrogram
showing that dnai2a and dnai2b aremore closely related to each other
than to dnai1, another dynein intermediate chain (Fig. 5A). Medaka
dnai2a and human DNAI2 produce a reciprocal best blast hit,
suggesting that dnai2b is a medaka speciﬁc duplicated gene. To
support this idea, we analyzed the dnai2b syntenic region in medaka
and the conserved region of synteny in Takifugu because medaka are
much more closely related to Takifugu than to zebraﬁsh (Yamanoue
et al., 2006).
The region in Takifugu showing conserved synteny with the
medaka dnai2b syntenic region is the scaffold 38 (Aparicio et al.,
2002). Structural analysis of the medaka dnai2b gene locus revealed
dnai2b to lie between O-sialoglycoprotein endopeptidase 2 (osgp2) and
FK506 binding protein precursor 7 (fkbp7); however the dnai2 ortholog
was not found between osgp2 and fkbp7 in Takifugu (Fig. 5B), further
supporting the idea that Takifugu does not possess an additional dnai2
gene. In addition, the dnai2b region does not show conserved synteny
with the dnai2a region. Taken together, medaka dnai2b is unlikely to
have arisen from teleost-speciﬁc genome duplication. Comparative
genome analysis of dnai2 genes among medaka related species may
reveal how the second dnai2 gene came to be incorporated in the
medaka genome.
Analysis of the joi mutant has enhanced our understanding of the
molecular basis of cilia motility defects. Our result clearly showed that
the dnai2a mutation causes loss of ODAs and dysmotility of cilia in
KVs, resulting in a LR defect. Additionally, we have revealed
redundant and distinct roles of two dnai2 genes in medaka. Future
studies in medaka will broaden our understanding of PCD, including
the etiology of axial structure abnormalities that are observed in joi
homozygous adult ﬁsh.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2010.08.008.
Acknowledgments
We are grateful to Ms. S. Kamiko for excellent ﬁsh care and
experimental assistance. We thank Dr Minoru Tanaka (National
Fig. 5. Two dnai2 genes in medaka. (A) Phylogenic tree of the dynein intermediate
chain family (human DNAI2, NP_075462.2; mouse Dnai2, NP_001030050.2; zebraﬁsh
dnai2, XP_001343873.1; Chlamydomonas IC2, XP_001691005.1; medaka dnai2a,
AB548151; medaka dnai2b, AB548152; human DNAI1, NP_036276; mouse DNAI1,
NP_780347; zebraﬁsh dnai1, NP_001074027; Chlamydomonas IC1, XP_001692878;
Xenopus_dnai1, NP_001085877). (B) Gene content of the regions of conserved synteny
around the dnai2b locus of medaka LG17 (Kasahara et al., 2007) (revision 1.0) and
Takifugu scaffold 38 (Aparicio et al., 2002) (version 4.0). Genes are denoted by bars
along a scale. The orientations of the transcripts are indicated by arrows. adat3, tRNA-
speciﬁc adenosine deaminase-like protein 3; alhbh6, Alkylated DNA repair protein alkB
homolog 6; osgp2, O-sialoglycoprotein endopeptidase 2; fkbp7, FK506-binding protein 7
Precursor.
69D. Kobayashi et al. / Developmental Biology 347 (2010) 62–70Institute for Basic Biology) for providing themyodplasmid. The hatching
enzyme and the d-rR, HNI strain of medaka used in this research were
providedby theNBRP,MEXT, JAPAN. Thisworkwas supportedbyGrant-
in-Aid for Scientiﬁc Research (C, 21590197) from the Ministry of
Education, Culture, Sports, Science and Technology of Japan.References
Ahsan, B., Kobayashi, D., Yamada, T., Kasahara, M., Sasaki, S., Saito, T.L., Nagayasu, Y., Doi,
K., Nakatani, Y., Qu, W., Jindo, T., Shimada, A., Naruse, K., Toyoda, A., Kuroki, Y.,
Fujiyama, A., Sasaki, T., Shimizu, A., Asakawa, S., Shimizu, N., Hashimoto, S., Yang, J.,
Lee, Y., Matsushima, K., Sugano, S., Sakaizumi, M., Narita, T., Ohishi, K., Haga, S.,
Ohta, F., Nomoto, H., Nogata, K., Morishita, T., Endo, T., Shin, I.T., Takeda, H., Kohara,
Y., Morishita, S., 2008. UTGB/medaka: genomic resource database for medaka
biology. Nucleic Acids Res. 36, D747–D752.
Aparicio, S., Chapman, J., Stupka, E., Putnam,N., Chia, J.M., Dehal, P., Christoffels, A., Rash, S.,
Hoon, S., Smit, A., Gelpke,M.D., Roach, J., Oh, T., Ho, I.Y.,Wong,M., Detter, C., Verhoef, F.,
Predki, P., Tay, A., Lucas, S., Richardson, P., Smith, S.F., Clark,M.S., Edwards, Y.J., Doggett,
N., Zharkikh, A., Tavtigian, S.V., Pruss, D., Barnstead, M., Evans, C., Baden, H., Powell, J.,
Glusman, G., Rowen, L., Hood, L., Tan, Y.H., Elgar, G., Hawkins, T., Venkatesh, B.,
Rokhsar, D., Brenner, S., 2002. Whole-genome shotgun assembly and analysis of the
genome of Fugu rubripes. Science 297, 1301–1310.
Badano, J.L., Mitsuma, N., Beales, P.L., Katsanis, N., 2006. The ciliopathies: an emerging
class of human genetic disorders. Annu. Rev. Genomics Hum. Genet. 7, 125–148.
Brummett, A.R., Dumont, J.N., 1978. Kupffer's vesicle in Fundulus heteroclitus: a
scanning and transmission electron microscope study. Tissue Cell 10, 11–22.
Colantonio, J.R., Vermot, J., Wu, D., Langenbacher, A.D., Fraser, S., Chen, J.-N., Hill, K.L.,
2009. The dynein regulatory complex is required for ciliary motility and otolith
biogenesis in the inner ear. Nature 457, 205–209.
Dooley, K., Zon, L.I., 2000. Zebraﬁsh: a model system for the study of human disease.
Curr. Opin. Genet. Dev. 10, 252–256.
Drummond, I.A., 2005. Kidney development and disease in the zebraﬁsh. J. Am. Soc.
Nephrol. 16, 299–304.
Essner, J.J., Vogan, K.J., Wagner, M.K., Tabin, C.J., Yost, H.J., Brueckner, M., 2002.
Conserved function for embryonic nodal cilia. Nature 418, 37.Essner, J.J., Amack, J.D., Nyholm, M.K., Harris, E.B., Yost, H.J., 2005. Kupffer's vesicle is a
ciliated organ of asymmetry in the zebraﬁsh embryo that initiates left–right
development of the brain, heart and gut. Development 132, 1247–1260.
Fowkes, M.E., Mitchell, D.R., 1998. The role of preassembled cytoplasmic complexes in
assembly of ﬂagellar dynein subunits. Mol. Biol. Cell 9, 2337–2347.
Gorman, K.F., Breden, F., 2007. Teleosts as models for human vertebral stability and
deformity. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 145, 28–38.
Hagiwara, H., Shibasaki, S., Ohwada, N., 1990. Abnormal cilia in human uterine tube
epithelium. J. Clin. Electron Microsc. 23, 493–503.
Hojo, M., Takashima, S., Kobayashi, D., Sumeragi, A., Shimada, A., Tsukahara, T., Yokoi,
H., Narita, T., Jindo, T., Kage, T., Kitagawa, T., Kimura, T., Sekimizu, K., Miyake, A.,
Setiamarga, D., Murakami, R., Tsuda, S., Ooki, S., Kakihara, K., Naruse, K., Takeda, H.,
2007. Right-elevated expression of charon is regulated by ﬂuid ﬂow in medaka
Kupffer's vesicle. Dev. Growth Differ. 49, 395–405.
Ishikawa, Y., 2000. Medakaﬁsh as a model system for vertebrate developmental
genetics. Bioessays 22, 487–495.
Iwamatsu, T., 2004. Stages of normal development in the medaka Oryzias latipes. Mech.
Dev. 121, 605–618.
Kamiya, R., 1988. Mutations at twelve independent loci result in absence of outer
dynein arms in Chylamydomonas reinhardtii. J. Cell Biol. 107, 2253–2258.
Kasahara,M.,Naruse,K., Sasaki, S.,Nakatani, Y.,Qu,W.,Ahsan,B., Yamada, T.,Nagayasu,Y.,Doi,
K., Kasai, Y., Jindo, T., Kobayashi,D., Shimada,A., Toyoda,A., Kuroki, Y., Fujiyama,A., Sasaki,
T., Shimizu, A., Asakawa, S., Shimizu, N., Hashimoto, S.-i., Yang, J., Lee, Y., Matsushima, K.,
Sugano, S., Sakaizumi, M., Narita, T., Ohishi, K., Haga, S., Ohta, F., Nomoto, H., Nogata, K.,
Morishita, T., Endo, T., Shin-I, T., Takeda, H., Morishita, S., Kohara, Y., 2007. The medaka
draft genome and insights into vertebrate genome evolution. Nature 447, 714–719.
Kawakami, Y., Raya, A., Raya, R.M., Rodriguez-Esteban, C., Belmonte, J.C.I., 2005. Retinoic
acid signalling links left–right asymmetric patterning and bilaterally symmetric
somitogenesis in the zebraﬁsh embryo. Nature 435, 165–171.
Kimura, T., Jindo, T., Narita, T., Naruse, K., Kobayashi, D., Shin, I.T., Kitagawa, T.,
Sakaguchi, T., Mitani, H., Shima, A., Kohara, Y., Takeda, H., 2004. Large-scale
isolation of ESTs from medaka embryos and its application to medaka develop-
mental genetics. Mech. Dev. 121, 915–932.
Kobayashi, D., Takeda, H., 2008. Medaka genome project. Brief Funct. Genomic
Proteomic 7, 415–426.
Koga, A., Inagaki, H., Bessho, Y., Hori, H., 1995. Insertion of a novel transposable element
in the tyrosinase gene is responsible for an albino mutation in the medaka ﬁsh,
Oryzias latipes. Mol. Gen. Genet. 249, 400–405.
Kramer-Zucker, A.G., Olale, F., Haycraft, C.J., Yoder, B.K., Schier, A.F., Drummond, I.A.,
2005. Cilia-driven ﬂuid ﬂow in the zebraﬁsh pronephros, brain and Kupffer's
vesicle is required for normal organogenesis. Development 132, 1907–1921.
Loges, N.T., Olbrich, H., Fenske, L., Mussafﬁ, H., Horvath, J., Fliegauf, M., Kuhl, H., Baktai,
G., Peterffy, E., Chodhari, R., Chung, E.M.K., Rutman, A., O'Callaghan, C., Blau, H.,
Tiszlavicz, L., Voelkel, K., Witt, M., Zietkiewicz, E., Neesen, J., Reinhardt, R.,
Mitchison, H.M., Omran, H., 2008. DNAI2 mutations cause primary ciliary
dyskinesia with defects in the outer dynein arm. Am. J. Hum. Genet. 83, 547–558.
Long, S., Ahmad, N., Rebagliati, M., 2003. The zebraﬁsh nodal-related gene southpaw is
required for visceral and diencephalic left–right asymmetry. Development 130,
2303–2316.
Maeno, Y., Sorimachi, M., 1992. Skeletal abnormalities of ﬁshes caused by parasitism of
Myxosporea. NOAA Tech. Rep. NMFS 111, 113–118.
Mitchell, D.R., Kang, Y., 1991. Identiﬁcation of oda6 as a Chlamydomonas dynein mutant
by rescue with the wild-type gene. J. Cell Biol. 113, 835–842.
Mochizuki, E., Fukuta, K., Tada, T., Harada, T., Watanabe, N., Matsuo, S., Hashimoto, H.,
Ozato, K., Wakamatsu, Y., 2005. Fish mesonephric model of polycystic kidney
disease in medaka (Oryzias latipes) pc mutant. Kidney Int. 68, 23–34.
Omran, H., Kobayashi, D., Olbrich, H., Tsukahara, T., Loges, N.T., Hagiwara, H., Zhang, Q.,
Leblond, G., O'Toole, E., Hara, C., Mizuno, H., Kawano, H., Fliegauf, M., Yagi, T.,
Koshida, S., Miyawaki, A., Zentgraf, H., Seithe, H., Reinhardt, R., Watanabe, Y.,
Kamiya, R., Mitchell, D.R., Takeda, H., 2008. Ktu/PF13 is required for cytoplasmic
pre-assembly of axonemal dyneins. Nature 456, 611–616.
Riley, B.B., Zhu, C., Janetopoulos, C., Aufderheide, K.J., 1997. A critical period of ear
development controlled by distinct populations of ciliated cells in the zebraﬁsh.
Dev. Biol. 191, 191–201.
Sakaguchi, S., Hara, T., Matsusato, T., Shibahara, T., Yamagata, Y., Kawai, H., Maeno, Y.,
1987. Scoliosis of cultured yellowtail caused by parasiticMyxobolus buri. Bull. Natl.
Res. Inst. Aquacult. 12, 79–86.
Sakaizumi, M., 1984. Rigid isolation between the northern population and the southern
population of the medaka. Zool. Sci. 1, 795–800.
Sullivan-Brown, J., Schottenfeld, J., Okabe, N., Hostetter, C.L., Serluca, F.C., Thiberge, S.Y.,
Burdine, R.D., 2008. Zebraﬁsh mutations affecting cilia motility share similar cystic
phenotypes and suggest a mechanism of cyst formation that differs from pkd2
morphants. Dev. Biol. 314, 261–275.
Takashima, S., Shimada, A., Kobayashi, D., Yokoi, H., Narita, T., Jindo, T., Kage, T.,
Kitagawa, T., Kimura, T., Sekimizu, K., Miyake, A., Setiamarga, D.H., Murakami, R.,
Tsuda, S., Ooki, S., Kakihara, K., Hojo, M., Naruse, K., Mitani, H., Shima, A., Ishikawa,
Y., Araki, K., Saga, Y., Takeda, H., 2007. Phenotypic analysis of a novel chordin
mutant in medaka. Dev. Dyn. 236, 2298–2310.
Takeda, H., 2008. Draft genome of the medaka ﬁsh: a comprehensive resource for
medaka developmental genetics and vertebrate evolutionary biology. Dev. Growth
Differ. 50 (Suppl 1), S157–S166.
Takehana, Y., Nagai, N., Matsuda, M., Tsuchiya, K., Sakaizumi, M., 2003. Geographic
variation and diversity of the cytochrome b gene in Japanese wild populations of
medaka, Oryzias latipes. Zool. Sci. 20, 1279–1291.
Vermot, J., Pourquie, O., 2005. Retinoic acid coordinates somitogenesis and left–right
patterning in vertebrate embryos. Nature 435, 215–220.
70 D. Kobayashi et al. / Developmental Biology 347 (2010) 62–70Wittbrodt, J., Shima, A., Schartl, M., 2002. Medaka—a model organism from the far East.
Nat. Rev. Genet. 3, 53–64.
Yamamoto, T., 1939. Changes of the cortical layer of the egg of Oryzias latipes at the time
of fertilization. Proc. Imp. Acad. 15, 269–271.
Yamanoue, Y., Miya, M., Inoue, J.G., Matsuura, K., Nishida, M., 2006. The mitochondrial
genome of spotted green pufferﬁsh Tetraodon nigroviridis (Teleostei: Tetraodonti-
formes) and divergence time estimation among model organisms in ﬁshes. Genes
Genet. Syst. 81, 29–39.Yasumasu, S., 2009. Solubilization of the egg envelope using hatching enzyme. In:
Kinoshita, Masato, Murata, Kenji, Naruse, Kiyoshi, Tanaka, M. (Eds.), Medaka, p.
255.
Yokoyama, H., Freeman, M.A., Itoh, N., Fukuda, Y., 2005. Spinal curvature of cultured
Japanese mackerel Scomber japonicus associated with a brain myxosporean,
Myxobolus acanthogobii. Dis. Aquat. Organ. 66, 1–7.
Zariwala, M.A., Knowles, M.R., Omran, H., 2007. Genetic defects in ciliary structure and
function. Annu. Rev. Physiol. 69, 423–450.
